The recent advancement in the wireless technology has led to the advent of wearable antennas. These antennas are utilized for Wireless Body Area Networks (WBANs) purposes such as healthcare, military sportive activities and identification systems. Compared to conventional antennas, wearable antennas operate in an environment which is in highly near proximity to the curved human body. Therefore, the wearable /flexible antenna performance parameters, including reflection coefficient, bandwidth, directivity, gain, radiation characteristic, Specific Absorption Rate (SAR), and efficiency are anticipated to be influenced by the coupling and absorption by the human body tissues. In addition, an electromagnetic bandgap structure is introduced in the wearable /flexible antenna designs to enable and give a high degree of isolation from the human body which also decreases the SAR dramatically. This paper reviews the stateof-the-art wearable/flexible antennas integrated with the electromagnetic band-gap structure on flexible materials concentrating on single and dual-band designs. Besides, it also highlights the challenges and considerations for an appropriate wearable/flexible antenna.
- [12]. response systems. Table 1 provides a brief overview of these applications [4] [5] [6] [7] .
As a vital component in the WBAN system, wearable antenna is important for wireless communication with other devices on or off the human body [8] , [9] . A wearable antenna is ''an antenna that is specifically designed to function while being worn on body''. It can communicate with other antennas on the surface of the body or with an external antenna. It has a direct impact on the size, shape and performance of the system. The physical integration of antennas to devices is a major issue for the designers as they must deal with additional features like safety and regulation constraints [10] [11] [12] . Nowadays, the tendency is to integrate more and more wireless devices as near as possible to the human body which is, however, known to be very hostile to RF signal because of its absorbing properties.
One of the most challenging aspects of designing wearable antennas is avoiding as much as possible the negative effect of the interaction between the antenna and the dissipative biological tissue. The human body detunes the antenna and may absorb a large amount of the radiated power, thus reducing the gain and changing the radiation pattern. It is, therefore, necessary to isolate the antenna in order to preserve its radiation characteristic as much as possible and to prevent hazardous biological effects [13] [14] [15] [16] . Furthermore, the wearable antenna performance should be maintained for various bending conditions, thus getting suiting the body curvature or body movement. Hence, a flexible/semi-flexible substrate that has deformation capability is required [17] , [18] .
More than a few kinds of designs such as inverted-F antennas, microstrip patch antenna, Magneto-electric dipole antennas, substrate integrated waveguide antennas, single patch antennas, CPW antenna, dipole or monopole antennas on planar reflectors, and cavity-backed antennas have been studied for their appropriateness as wearable antennas [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . However, these configurations possessed some disadvantages such as narrow bandwidth, high SAR, large lateral size, low Front to Back Ratio (FBR) and high back radiation. To overcome these disadvantages, an isolating layer placed between the human body and antenna will diminish the power absorbed by human body tissue [37] .
The works reported in [38] , [39] demonstrated that antennas with a big ground plane could provide a desire to reduce radiation backward, increase the stability of the wearable/flexible antenna, and isolate the human body from the electromagnetic (EM) radiation. Nevertheless, large ground planes resulted in the increase of the size and rigidity of the wearable antenna, which made the design uncomfortable to the user. This led to the need for new antennas that were more suitable for operation in the vicinity of humans.
To overcome these problems, few configurations of electromagnetic band-gap (EBG) positioned underneath the antenna were used to alleviate antenna-human interactions [1] , [5] , [13] , [15] , [40] - [62] . These results improved the antenna performance such as efficiency, gain, Front to Back Ratio (FBR) and decreased the back radiation towards the body as well as the SAR level.
In this paper, the previous comprehensive works are highlighted in order to show the usefulness of integrating EBG structures with the wearable antenna. Prior to this, the critical design issues in the wearable antenna will be highlighted. Then, the selection of non-conducting and conducting materials and their impact on the performance of the wearable antenna are discussed by providing several data of different materials. Thereafter, EBG are described in details in terms of classification, type, characteristics, and methodological design.
II. CRITICAL DESIGN ISSUES IN WEARABLE ANTENNAS
Unlike antennas embedded in portable devices, wearable antennas are intended to work in a complicated body environment. The issues under that environment that might cause huge effects on antenna performance can be summarized from [38] , [63] as the following:
(i) ''Human body'' interactions with the antennas: The ''human body'' can have a strong reaction to the wave propagating around because of the electromagnetic properties of its complex tissues. This might cause a huge detuning of antenna resonance over a large frequency range. However, the radiation of the antenna towards the body can result in serious health problems for human beings. (ii) Vicinity of ''human body'': Wearable antennas must be designed to work properly near the ''human body''. Additionally, special concern should be given to the ''Specific Absorption Rate'' (SAR), which helps to quantify the power absorption problems needed to meet the standard to avoid harm to the ''human body''. Hence, in the vicinity of the ''human body'', various aspects should be taken into accounts such as the power absorbed in the ''human body'', radiation characteristic of the antenna, and input-matching performance. (iii) Variations in dimensions: Some features of the wearable antenna, such as compression and stretching, are typical for fabrics that are susceptible to deformation/bending and can affect the performance and features of the antenna structures. As a result, ''it will not be easy to mass-produce an antenna through the same radiation features even using the same materials'' (iv) Water absorption: Textile antennas made of fabric materials are exposed to risks under bad weather due to existing voids that can easily absorb moisture and water that can shift the resonant frequencies of an antenna. (v) Uneven body surface and movement: These elements may distort the antenna structure if the antenna is made out of fabric material. As mentioned above, besides the general needs of antenna design, there are a few extra necessities for wearable antenna design that must be fulfilled in order for wearable applications, in terms of both physical size and radiation features in the closeness of the ''human body''. These include:
(i) Light weight and compact size in order to be comfortable to wear. (ii) Considerable stability and flexibility. The antenna is desirable to have a certain resistance to bending, and stretching. (iii) Capable of providing certain radiation shielding to the body. The international standard of Specific Absorption Rate must be satisfied for the purpose of safe communication on the body.
III. MATERIAL CHARACTERIZATION FOR WEARABLE ANTENNA
Initially, it is essential to select a most suitable dielectric material for supporting layers (substrate) and conducting materials for radiating elements (patch, feeding line, ground plane). These dielectric and conducting materials are neatly selected to give a sensible amount of mechanical distortion with less impact of different weather conditions and suitable EM radiation protection. Thus, the wearable antenna will satisfy the property of comfort and safety to the users [63] .
A. NON-CONDUCTING MATERIALS (SUBSTRATE)
The performance of constructed antennas relies on the substrate. This substrate not only offers a mechanical support, but it will impact on the antenna characteristics such as S 11 , efficiency, and bandwidth [38] , [63] , [64] . Besides that, it is critical in terms of fabrication, operation, and wearability. The important characteristics that should be taken into consideration when selecting the substrate are permittivity, flexibility, thickness and loss tangent. The permittivity and thickness have an impact on the bandwidth, the flexibility enables the antenna to conform to the user, while the loss tangent has an impact on the efficiency. Thus, selecting a flexible substrate that is low in permittivity and loss tangent will increase the efficiency, especially in the presence of the human body. Therefore, a suitable substrate should satisfy both electrical and mechanical demands for the design [38] , [63] , [65] . The properties of fabric/textile substrates vary with the selection of materials and frequencies. Therefore, a precise characterization of the properties of fabric substrates is essential before designing a fabric antenna [66] , [67] . A summary of the characteristics that a number of researchers utilized for antenna designs is illustrated in Table 2 .
The impacts of several flexible substrate parameters on the performance of an antenna were examined in [67] , [73] . In conclusion, the flexible substrate provide acceptable gain, high efficiency, and stable radiation patterns without impacting bandwidth at deforming conditions.
To encapsulate, the selection of flexible materials are critical to the realization of a wearable antenna. Because of their conformality, flexible materials have become of great interest in replacing rigid substrates. These flexible materials can be wisely selected to resist distortion conditions such as twisting, stretching, crumpling, bending, and even distortion while retaining user comfort. In addition, wearable antennas essentially need a low loss dielectric material as their substrate, since great losses affect the antenna performance and efficiency.
B. CONDUCTING MATERIALS
As the fabric requires the conducting materials to serve as radiators, textile conducting materials are used to perform fully wearable/flexible antenna designs; therefore, it is deemed essential to characterize their electrical The conductivity characteristics of several materials utilized in the manufacture and packaging of the antenna play an essential role in attaining the required performances of antenna design. Several conducting materials are summarized in Table 3 . The conductivity, (σ ), is calculated based on the value of the surface resistivity, (ρ s ), and thickness of the textile material (t) as in equation (1). Based on equation (1), the resistivity is inversely proportional to the conductivity, therefore as the resistivity is decreased, the conductivity increases, which diminishes the electrical losses and hence enhances antenna efficiency [13] , [64] , [74] [75] [76] .
It can be concluded that the wearable antennas essentially desire low-loss dielectric materials as their substrate and highly conductive materials as conductors for efficient EM radiation reception/transmission. 
IV. HUMAN BODY BEHAVIOUR FOR WEARABLE ANTENNAS
The human body behaves as an irregular shaped medium. The body has conductivity dependent on frequency and ''dielectric constant''. Therefore, in the wearable antenna design, it is essential to consider the interaction between the ''human body'' and the antenna. When the antenna moves closer to the ''human body'', all common antenna parameters, including resonant frequency, radiation pattern, bandwidth, and especially efficiency, may change radically. Hence, the offbody (''free space'') design may simply be a rough assessment of the suitability of the antenna. To better comprehend these impacts, researchers/ academicians have introduced body models known as phantoms. These can be classified as Numerical Body Phantom (which utilizes simulated biological tissue) or as Physical Body Phantoms (which utilizes real physical structure) [39] , [85] [86] [87] .
The use of non-homogenous and complex phantom gives better results on the EM field measurements. Nevertheless, these phantoms require a lot of computational resources in the case of numerical simulation such as voxels models as shown in Fig.1 . Therefore, it is better to produce a simple 3D model using only a part of the body in commercial simulation software.
Several models can be developed in the form of cylindrical, spherical and rectangular to represent, emulate and simulate the human arm, head, and chest or whole body, respectively. These numerical phantoms are desired in order to decrease the simulation time. These models can be modelled as multilayer (non-homogenous) as shown in Fig. 2 , or as a single layer (homogeneous). The multi-layer model consists of four layers in the form of cylindrical and rectangular phantoms, each layer representing bone (13 mm), muscle (20 mm), fat (5 mm) and skin (2 mm) [1] . On the other hand, spherical model consists of seven layers, each layer representing Brain (80 mm), CSF(Cerebro Spinal Fluid; 2 mm), Dura (1mm), Skull (10 mm), Muscle (4 mm), Fat (1 mm), and Skin (2 mm) [88] . The dielectric properties of the layers can be found in [1] , [57] , [88] , [89] , [89] [90] [91] , [93] .
A study was conducted in [94] using three different homogeneous models of the human body. The evaluation was based on the accuracy, time consumption, computational efficiency, and resolution of the human body model results in software followed by experimental verifications. The phantoms were used to evaluate the performance of the antenna before loaded on a real body. Phantoms were also used to calculate the Specific Absorption Rate (SAR), which is known as the rate at which ''RF electromagnetic energy is imparted to unit mass of biological body''. It was calculated using the formula given as equation (2): [49] , [95] .
where σ is ''electrical conductivity'', E is ''RMS electric field'' and ρ is ''sample density''. General concern about the health impacts of radiation and legal requirements around the world has led researchers, academicians, and engineers to always be concerned about the amount of power absorbed by the ''human body''. Therefore, SAR is an essential factor to compute the electromagnetic field absorbed by the ''human body'' in order to control the absorption of power below the level set by the standards [96] , [97] .
SAR is ''typically averaged either over the whole body or over a small sample volume. It is directly proportional to the conductivity of the tissues absorbing the radiation and inversely proportional to its density'' [68] .
According to the guidelines given by the ''International Commission on Non-Ionizing Radiation Protection'' (ICNIRP) and ''Federal Communications Commission'' (FCC), the SAR levels must be less than 2 W/kg averaged over 10 g and less than 1.6 W/kg averaged over 1 g of ''human body'' tissues, respectively. Furthermore, the FCC standard from US (1.6 W/kg) is considered harder to satisfy than the ICNIRP from EU (2 W/kg), because of its lower limited value and smaller averaged mass with an average time of 6 min [98] .
V. ELECTROMAGNETIC BAND-GAP
The subject of the ''Electromagnetic Band-Gap'' (EBG) has become a rapidly growing topic for research among many academics, researchers and engineers around the world. These materials can offer distinct characteristics in controlling the propagation of electromagnetic waves. They can act like ''perfect magnetic conductors'' (PMC) that do not exist in nature. Thus, EBG is called an ''artificial magnet connector'' (AMC). They are defined as ''artificial periodic (or sometimes non-periodic) objects that prevent/assist the propagation of electromagnetic waves in a specified band of frequency for all incident angles and all polarization states'' [99] [100] [101] .
EBG, also known as ''photonic band-gap'' (PBG), is a structure that is valuable in microwave application due to its periodic nature that prevents the propagation of certain electromagnetic wavelengths. The EBG material consists basically of periodically repeating high and low dielectric regions that create a band gap based on the periodicity of the structure. The EBG surface limits the propagation of surface waves within a particular frequency band (called a band gap), and thus decreases the level of undesired back lobe radiation towards the human body [99] [100] [101] .
EBG materials are classified based on their arrangement into three-dimensional EBG structures (3-D), twodimensional EBG structures (2-D), and one-dimension EBG structures (1-D). 3-D EBG is formed by stacking different EBG layers to form a three-dimensional structure such as a multi-layer metallic and tripod array. It exists in nature and is referred to as photonic band-gap materials. 2-D EBG is formed by arranging an EBG unit cell in two dimensions on a plane such as uni-planar design without vertical via and a mushroom-like structure. This type of EBG structure is preferable in antenna design. 1-D EBG is formed by arranging an EBG unit cell in one dimension to form a transmission line with two ports such as transmission line design [99] , [102] [103] [104] .
Although there are many different planar EBG configurations, the two main essential configurations are uniplanar electromagnetic band-gap (UC-EBG) and mushroom EBG. The UC-EBG is more popular and desired in wearable antennas due to its simplicity (no vias), low manufacturing cost and compatibility with standard planar circuit technology [38] , [105] .
To date, many UC-EBG structures have been introduced to increase the band-gap width and reduce the periodic size. For multi-band applications, multi-band EBGs have been introduced such as multi-layer EBG [106] , [107] , fractal EBG [56] , [108] , [109] , and interdigitated unit [110] . On the other hand, it is preferable in wearable EBG to design simple structures because of the restriction of textile materials, as well as the difficulty of fabrication. Despite contentions [38] that mushrooms like EBGs cannot offer good performance compared to certain complex structures, its benefits such as ease of fabrication, low cost, and reliability still gain the most attention. According to [111] , EBG has two interesting features over the frequency band known as band gap. First, its reflected wave is in phase with the incident wave. This property gives the EBG surface a function similar to PMC, which has a reflection phase of 0 • but does not exist in nature. Second, it does not support the propagation of surface waves. These two features of EBG can solve some of the problems that occur in common antennas and optimize antenna performance; thus, it has an extensive range of applications in antenna design.
A. IN-PHASE REFLECTION
A simple wire antenna positioned on top of a PEC ground plane is depicted in Fig. 3 . The image current below the perfect electric conducting ground plane is out of phase with the wire current. Meanwhile, in the presence of an EBG or PMC, the image current below the surface would be in phase with the wire current, thus improving the radiation of the antenna. EBG acts efficiently as an AMC that has a reflection phase of +1 (in-phase reflection) in contrast to the traditional metal ground plane that has a reflection of −1 (out of phase). Therefore, the EBG can act as a reflector that can reflect majority of the energy to the required direction. Fig. 4 demonstrates another feature of the EBG surface. It can be utilized to eliminate the unwanted radiation caused by the finite ground planes. An ''artificial impedance surface'' which has certain band-gap features does not support propagation of the surface waves caused by the antenna. Fig. 5 (a) illustrates the radiation pattern of a monopole antenna on a metallic ground plane. The significant characteristics of the antenna pattern are the ripples are shown in the forward direction, and the amount of wasted power in the backward direction. Both of these characteristics are due to the surface wave that propagates away from the antenna and radiates from the ground level edges. If an EBG ground plane is used instead of the metal ground plane, as illustrated in Fig. 5(b) , the surface wave is suppressed. It provides a smoother radiation pattern, with less wasted power in the backward hemisphere.
B. SUPPRESSING OF SURFACE WAVE
An EBG material in one form is a periodical structure in which high impedance exists for electromagnetic wave propagation within a certain frequency range. In antenna applications, the antenna can take advantage of the high impedance or surface wave band gap of an EBG within a particular frequency band. It has been found that antennas with EBG structures can offer remarkable improvements over conventional antennas [38] .
For the purpose of wearable communication, EBG structure is desirable to decrease the backward radiation towards the ''human body'', improve the radiation patterns in the forward direction, and therefore increases the gain and enhances ''Front to Back Ratio'' (FBR) of low-profile printed antennas. EBG also restricts the value of SAR to a safe level and improves the antenna performance and efficiency in the vicinity of the body. Hence, the incorporation of EBG into wearable/flexible systems has been of benefit in many ways [63] , [112] .
C. OVERVIEW OF EBG PRINCIPLE
EBG structures are typically periodical cells consisting of dielectric elements or metal. A mushroom-like EBG structure was first introduced by Sievenpiper [99], [113] . As illustrated in Fig. 6 , the structure consists of a dielectric substrate, metal patches, ground plane, and connecting vias.
The operating mechanism of the EBG structure can be explained by an LC filter array or a parallel resonant circuit, as illustrated in Fig.7 . The inductance is generated by a current loop within the structure through the pin vias, while the capacitance is generated by the gap of two adjacent patches. In the case of an EBG without vias, the inductance is due to the close proximity of the ground plane to the capacitive array of patches [38] , [63] .
The values of the capacitance (C), inductance (L), bandwidth (BW ) and resonant frequency (f r ) are given by [111] , [113] [114] [115] : 
where µ 0 , ε 0 , η 0 , are permeability, permittivity, and impedance of free space, respectively, g is the gap between adjacent patches and W is patch width. At resonance, the surface impedance Z s is determined by:
Based on equations (3) to (7), the parameters that impacted the EBG design were investigated in [101] , [116] , [117] . They were substrate thickness, substrate permittivity, the gap between the unit cells and the patch width.
Examination of equation (7) revealed that at low frequencies, the unit cell is typically inductive and Transverse Magnetic (TM (red solid line)) surface wave was supported by this surface. As the frequency of excitation increased, the unit cells initially became resonant and then became capacitive with Transverse Electric (TE (blue dashed line)) wave becoming dominant mode. In a narrow band around the resonance frequency, ω 0 the surface showed high impedance. At resonance, the structure suppressed the propagation of the surface waves (TE and TM) and directed to the frequency band gap (EBG behavior) as revealed in Fig.8 . Thus, the surface waves were suppressed and because of the high level of mismatch, a greater proportion of the energy in the system was reflected back. [63] . 
D. EBG CHARACTERIZATIONS
The features of EBG can be identified by reflection method, suspended line and desperation diagram as follows:
1) REFLECTION PHASE CHARACTERISTIC OF EBG
The ''reflection coefficient'' is an essential parameter describing the reflection characteristics of an object. It is known as the ratio of the reflected field over the incident field at the reflective surface. Although the ''PEC'' and ''PMC'' surfaces present 0 • and 180 • reflection phases, respectively, to the incident wave, EBG offers a unique reflection phase ranging from 180 • to −180 • [63] , [99] , [101] , [119] . A unit cell model in ''CST Microwave Studio TM'' using the frequency domain solver with two possible different boundary conditions was simulated to model an infinite and finite structure [24] . For infinite structure, the unit cell boundary conditions were imposed on the ±y and ±x directions. The plane wave was used for the excitation along +z while perfect electric (Et = 0) was applied due to full ground along -z as shown in Fig. 9 (a). In the case of finite structure, a perfect magnetic and electric conducting wall was imposed on ±y and ±x directions, respectively. The waveguide port was used to excite the signal along +z while perfect electric (Et = 0) was applied due to full ground along -z as shown in Fig. 9(b) . These boundary conditions were used to imitate the periodic nature of the used cell.
To obtain the reflection coefficient phase at the EBG surface, the plane wave or the waveguide ports must be deembedded to the reflecting surface. The calculated reflection coefficient phase of a general EBG structure was revealed in Fig.10 . The frequency ranges in which the reflection phase between 90 • and −90 • had a surface impedance greater than the free space impedance. Nevertheless, it had been stated that the frequency ranges in which the reflection phase in the range of 90 • ± 45 • (as depicted in Fig. 10 ) attained a useful reflection coefficient of the low profile wire antenna [63] , [99] , [101] , [119] .
Reflection-phase is an important consideration because when an antenna that radiates in both directions was placed close to the EBG structure, the backward radiated EM energy can be reflected in phase with respect to forward radiated EM energy. This improves the total EM energy in the front half hemisphere of the antenna, which consequently raises the boresight gain of the antenna.
It is well known that when the radiating elements are placed in parallel and close to the conductive plane, it will suffer a significant reduction in radiation resistance because of opposing original current and the image current. Therefore, when the antenna was positioned near to the metal plate as revealed in Fig. 11(a) , and the distance was less than a quarter wavelength, λ/4, the phase of the incoming wave was reversed upon reflection. This caused a destructive interference with the wave propagating in another direction, and in addition, led to a poor radiation efficiency of antenna.
To solve this problem, λ/4 space was used between the radiating element and the ground plane, as revealed in Fig. 11(b) . In this case, the antenna's current and its image were in-phase and the wave add constructively. The antenna radiated efficiently, but the entire structure required a minimum thickness of λ/4.
In the case when EBG as a ground plane (which emulated a PMC in a specific frequency band) was introduced, the antenna could be placed much closer to the EBG as revealed in Fig. 11 (c) due to its in-phase reflection features. As a result, all of the power was reflected in-phase, instead of destructively interfered, and the direction of the image current leads to constructive and led the antenna to radiate efficiently [38] , [100] , [111] .
2) SUSPENDED LINE
A number of papers in [120] [121] [122] characterized EBG structure by utilizing an EBG array as a ground plane for a microstrip transmission line that was suspended over the array. This technique is similar to the implementation of EBG as a filter. The suspended microstrip line technique was utilized to determine the surface wave suppression features of the EBG structure. The technique was to insert the EBG between the microstrip and ground, forming a sandwichlike structure connecting with two 50 SMA connectors placed at each edge as shown in Fig. 12 . These SMA connectors were used to transmit and receive EM waves, thus the power transfer between them was computed. The band gap was usually considered at frequency range with attenuation losses of less than −10 dB. The attenuation level relied on the number of unit-cell. As the number of the unit-cell was increased, the depth of the reduction band increased, so the power transfer reduction band was clearer.
3) DISPERSION DIAGRAM
Dispersion diagram is a ''plot of the propagation constant versus frequency'' [118] . It is a valuable tool to study the EBG at a desired frequency to show that the wave cannot propagate within the band-gap, hence the surface waves are suppressed. Frequently, the band-gap of a periodic structure is calculated from their dispersion characteristic, which is considered as an accurate representation of the surface wave property. The study of band-gap was based on an infinite unit cell using the Eigenmode solver of ''CST Microwave Studio TM'' . The unit cell of EBG structure under examination was drawn with periodic boundary condition (periodic walls are imposed on ±x and ±y directions of the unit cell while perfect electric (Et = 0) were imposed on ±z directions) as shown in Fig  13. The phase shift was changed along the boundary of the irreducible Brillouin zone and the frequencies of Eigenmodes were achieved in each step. The steps were as follow:
1) The phase constant along the perpendicular direction y was fixed at 0 degrees. Correspondingly, ''the phase constant along the x-direction, the base of the Brillouin triangle, called − X direction, was varied from 0 • to 180 • degrees. Then, from numerical simulations or calculations of the dispersion equation, the first set of Eigenmode frequencies was found. This generated the frequency dataset for the wave propagation in the − X segment of the Brillouin triangle.
2) The phase constant along the − X segment of the Brillouin triangle x-direction was fixed at 180 • degrees and the phase constant along the X − M segment, y-direction, was varied from 0 • to 180 • degrees. Then, from simulations or calculation of dispersion equation, the second set of Eigenmode frequencies was found.
3) The phase constant along with both segments, − X and X − M , was varied in synchronization with each other from 180 • to 0 • degrees. Hence, the third set of Eigenmode frequencies was found for the M − segment of the Brillouin triangle''. Based on the above steps implemented in 3-D software such as CST Microwave Studio TM , the dispersion diagram could obtained as illustrated in Fig. 8 [118] . From Fig. 8 , it is seen that the band gap existed between TM mode (solid line) and TE mode (dashed line) ranging from about 6 GHz to 8 GHz. It should be noted that the vias were responsible for these suppression band gaps. However, in the absence of vias, the stop band gaps disappeared, in other words, the band-gap shifted to a higher frequency [103] .
VI. IMPLEMENTATION OF EBG (VIALESS) IN WEARABLE APPLICATIONS
As stated in previous research [1] , [5] , [41] , [45] , [49] , [57] , [61] , several papers were introduced for the design of wearable antennas, but these designs suffered from several drawbacks that could limit the applications of wearable devices such as:
• Increase in SAR levels when working near body tissues, due to their nearly ''bi-directional radiation'' patterns.
• Protruded from the body and were therefore not lowprofile or conformal.
• A significant amount of energy was directed into the ''human body'' because of their near-''Omnidirectional radiation'' properties.
• Exhibited a narrow bandwidth and poor FBR.
• Still retained a large lateral size.
In order to resolve these issues, EBG was introduced to be integrated with flexible antennas to offer a high degree of isolation between the ''human body'' and the antenna as well as reducing the SAR to the safety level.
The use of EBG structures in wearable antenna designs has been rapidly increased. In [55] , the first proposed EBG based antenna design using a rigid substrate (FR-4) for wearable applications was presented. In spite of the fact that it was not a really wearable antenna as it was built of conventional inflexible FR4 substrate, the clue was still to utilize this for wearable applications. The antenna was printed on a thin FR4 substrate and the EBG pattern was etched on the ground plane of the antenna to operate at 2.45 GHz. It was noticed that the impact of EBG was to increase the bandwidth, diminish the size of the antenna, improve the gain and decrease the backward radiation.
The first invention of a fully wearable EBG antenna (WEBGA) using fabric materials was introduced in [40] with the extended version in [66] . The authors had discovered that integrating EBG with antenna could improve the bandwidth by 50% and reduce the antenna size by 30% from the original one. The authors also studied the impact of the bending of the wearable EBG on the input match. The antennas were bent around the cylinder along the principal x-z and y-z planes. It was observed that y-z plane bending had a minor impact on the performance compared to x-z plane bending. This was because x-z plane bending altered the antennas resonant length. In addition, it was observed that the EBG antennas performed better than the traditional patch antennas.
The first in-depth investigations of textile EBG was done by Agneessens et al. [25] . They presented a dual-band coplanar antenna structure backed by 3 × 3 arrays of textile EBG. The design was printed on a felt substrate. Reflection phase and suspended line methods were used to study the characteristics of the EBG. Based on the results, it was realized that using EBG for wearable application reduced the radiation into the body by over 10 dB, enhanced the antenna gain by 3 dB while achieving low back radiation and decreased SAR values by a factor of up to 20. In addition, the researchers also investigated the bending effects on foam based on E-plane and H-plane configurations. Based on the results, the bandwidth remained the same at all times, but the bending in the E-plane affected the performance more than the H-plane. Furthermore, the integrated antenna with EBG was placed directly on the body i.e. the thigh (jeans), the arm (skin), and on the back (cloth). It revealed that there were no significant changes between a measurement of foam and the human body. Nevertheless, at the higher frequency, the most shifting resonant frequency is on the human arm due to direct contact with the skin. In all cases, the bandwidth remained the same.
With the increasing success of integrated EBG with a wearable antenna in numerous applications, researchers started to explore a different type of flexible materials. In [15] , a microstrip monopole antenna backed by an etched ground of 4 × 3 arrays of single split-ring resonators as EBG was presented. The design was printed on paper as a substrate using inkjet-printed technology. The characteristic of EBG was studied based on the reflection phase. The study concentrated on the effect of the unit cell numbers, the size of the copper sheet and the placement of the antenna on the phantom. It was documented that as the number of unit cells and the copper sheet increased, a better result was achieved as illustrated in Fig. 14. Furthermore, the authors showed that when the antenna integrated with EBG was placed on a phantom, a better reflection coefficient was obtained compared to without EBG. In addition, adding EBG to the antenna showed an acceptable bandwidth of 4.08%.
In [46] a semi-flexible RT/Duroid 5880 substrate was used for the design of monopole antenna and EBG. The reflection phase method was used to determine the features of EBG. The authors reduced the number of unit cells from 4 × 3 to 2 × 1 EBG array while maintaining stable S 11 . The variations of the unit cell number and the corresponding S 11 of integrated design are shown in Fig 15. The final integrated design showed a good performance, such as the gain of 6.88 dBi, the bandwidth of 5% and SAR value of 0.244w/kg; even the size was compact. The design was loaded at several parts of the human model tissue. The result revealed that a very stable S 11 was sustained for all the cases even when the design was placed directly on the skin. This could be because the EBG had the feature of in-phase that can mimic the property of PMC which acted as isolation between the ''human body'' and the antenna. Hence, the incorporated antenna with EBG is suitable for ''body-worn applications'' where the antenna can be incorporated with a system for wearable biosensor or medical monitoring.
A Miniaturized slotted ''Jerusalem Cross'' (JC) ''Artificial Magnetic Conductor'' (EBG) integrated with the CPW M-shaped monopole antenna was presented for telemedicine applications at 2.45 GHz [49] . The antenna and EBG were fabricated on a different flexible substrate, Kapton polyimide with a ''dielectric constant'' of 3.5 and vinyl with a ''dielectric constant'' of 2.5, respectively. The EBG was analyzed based on the reflection phase method. The outcomes of the research show that the EBG contributed to increasing the gain by 3.7 dB, the ''front to back ratio'' of 8 dB and maintained 18% of the bandwidth. Furthermore, the antenna integrated with EBG eliminated the impedance mismatch and frequency shift caused by the ''human body'' tissues proximity compared to the antenna alone. In addition, the inphase reflection feature of the EBG structures significantly decreased the unwanted electromagnetic radiation toward the patient's body which was important for the performance of the telemedicine antenna system. Moreover, the SAR was studied to ensure the safety of the design for human health. Based on the numerical studies, the antenna alone had the SAR values of 1.88 W/Kg; adding EBG to the antenna has reduced the SAR level to 0.683W/Kg, which complied with the standard set by FCC. The SAR reduction achieved by adding EBG was 64%. The authors concluded that the integrated antenna with EBG would be ''a good candidate for WBAN and telemedicine applications in terms of stability, bandwidth, SAR, and efficiency''.
According to [45] a dual-band (2.4 GHz and 5 GHz) textile antenna loaded with an ''artificial magnetic conductor'' (EBG) plane is proposed for WLAN applications. The antenna and EBG were printed on 1.5 mm felt substrate with the ''dielectric constant'' and loss tangent of 1.2 and 0.044, respectively. Shieldit TM Super conductive textile was used as conducting material with a thickness of 0.17 mm. The presented EBG helped to improve the FBR to higher than 12 dB in both bands while the realized gain of the antenna was about 2.5 dB at 2.45 GHz and between 0 to 4 dB in the higher band. Also, the antenna was placed on the arm and showed an acceptable reflection coefficient. The simulated bending was conducted along the x-axis and y-axis and for different radii. In the case of the x-axis, no significant changes were observed. This is because the direction of bending is parallel to the current on the patch and did not affect the current distribution considerably. In the case of the y-axis, the antenna changed more deeply as illustrated in Fig. 16 . It was observed that at a lower band and as the radius is decreased, the resonant frequency shifted upwards but still covered the resonant frequency at 2.45 GHz, while the upper band remained quasi unchanged where the only slight effect was seen at 5.85 GHz with S 11 of −9.32 dB. Moreover, the authors studied the effects of increasing the size of AMC on the SAR levels. The study was based on 100 × 100 mm 2 and 200 × 200 mm 2 , and the SAR results are summarized in Table 4 . It is apparent that as the size is increased, the greater the reduction of SAR levels was achieved. The SAR values were reduced with a factor of more than 10.
A fractal geometry for wearable applications was presented in [56] for dual-band at GSM-1800 MHz and ISM-2.45 GHz band applications. The fractal-based antenna integrated with EBG structure was printed on 1 mm thick jeans fabric having a ''dielectric constant'' of 1.7 and a tangent loss of 0.085. The suspended technique was utilized to study the feature of EBG. The fractal-based monopole patch antenna was measured on ''the human body'' with and without EBG. Based on the results illustrated in Fig. 17 , when the fractal-based monopole patch antenna was alone, the S 11 was attenuated and detuned due to the high dielectric nature of the ''human body'' tissue, while when EBG was placed behind the antenna, the desired bands of operation were obtained. The bending and crumpling analysis are conducted. The result showed that the antenna with the EBG stills operates within the desired GSM and ISM bands without any appreciable frequency detuning. In addition, the EBG structure reduced the radiation into the ''human body'' by over 15 dB at both bands as well as the effect of frequency detuning due to the ''human body''. Moreover, the SAR values of the antenna with EBG satisfied the safety limits compared to antenna alone.
A conformal wearable monopole antenna integrated with I-shaped EBG structure was introduced for ''medical bodyarea network band'' (MBAN) operating from 2.36 GHz to 2.4 GHz [57] . The I-shaped EBG unit cells were used to attain a high degree of isolation between the antenna and the human body. Compared to previous reported EBG, here the EBG behaved not only as a ground plane for isolation, but also as the main radiator. Without the integration of EBG, the monopole antenna demonstrated a poorly simulated and measured S 11 while integrating with EBG improved the gain to 6.2 dBi, a bandwidth 5.5%, a ''front-to-back ratio'' higher than 23 dB and 95.3% reduction in the SAR. Further numerical and experimental studies showed that the performance of the antenna with EBG was extraordinarily robust to both structural bend and ''human body'' loading, far superior to both planar monopoles and microstrip patch antennas. A comparison between the monopole antenna, monopole antenna with EBG and reference patch antenna which had been commonly utilized for wearable applications was carried out to show the usefulness of integrated antenna with EBG as tabulated in Table 5 .
Wearable antennas with linearly polarization (LP) could result in unreliable wireless links because of possible complete polarization mismatch as a result of the constant ''human body'' motion anticipated under realistic scenarios [61] . Therefore, circularly polarized (CP) antennas, in contrast, tend to be more favorable for wearable applications because of their enhanced signal robustness with respect to ''human body'' movement. Hence, a compact and flexible CP wearable antenna was presented for WBAN system for ISM band at 2.4 GHz. The design was based on PDMS as dielectric materials and silver nanowires (AgNWs) as conducting material. The anisotropic artificial ground plane behaved as EBG due to its in-phase feature. The proposed loop monopole antenna was placed over a truncating EBG of 2 × 2-unit cells to attain circularly polarized radiation. The proposed design revealed a good performance such as a gain of around 5.2 dBi, an axial ratio of less than 3 dB that covered the bandwidth of 69 MHz, FBR about 16 dB and a wide CP angular coverage in the targeted ISM band. Moreover, the proposed monopole antenna incorporated with EBG was compared with a conventional CP patch antenna of the same physical size, which was also comprised of the same PDMS and AgNW composite. The results showed that the presented monopole antenna incorporated with EBG had much more stable performance under deforming and ''human body'' loading, as well as a lower ''specific absorption rate''. The simulated SAR was conducted using HUGO ''human body'' model in ''CST Microwave Studio TM'' for different parts at 2.44 GHz. The SAR of conventional CP patch antenna over 1 g averaged ranged from 0.22 to 0.29 W/kg, while for the presented integrated antenna with EBG for all three cases over 1 g averaged SAR varied from 0.13 to 0.18 W/kg. Thus, this showed that the maximum allowed accepted power for the proposed integrated antenna with EBG was about 65% higher than that for the CP patch antenna, thereby leading to a larger maximum communication distance of about 30%.
A wearable fabric CPW antenna based on an EBG-FSS was proposed for MBAN application at 2.4 GHz [1] . The design was printed on jeans substrate with ''dielectric constant'' of 1.7 and loss tangent of 0.07. The integration of EBG-FSS with CPW antenna revealed a good performance compared to the CPW antenna alone by improving the gain to 6.55 dBi, reducing SAR by 95%, enhancing the ''front to back ratio'' (FBR) by 13 dB and reducing the backward radiation towards the body. Furthermore, the authors demonstrated an experimental investigation of wearable periodic EBG-FSS structures and ordinary metal (PEC) to show the value of introducing of EBG-FSS in antenna designs. The proposed wearable CPW antenna was positioned over ordinary metal and EBG-FSS with the same substrate, dimensions, and height, to fairly compare. Based on the results that are revealed in Fig. 18 , it is shown that when the antenna was placed over ordinary metal surface, a poor reflection coefficient was seen with S 11 > −10 at 2.4 GHz. As previously mentioned, this was because the ordinary metal surface had a phase of 180 • which required at least a spacing of a λ/4 to reflect in-phase. In this investigation, the spacing was less than λ/4, which caused an opposing direction of the current of the wearable CPW antenna and the image current of the ordinary metal surface, resulting in a very poor S 11 . Moreover, integrating the wearable CPW antenna with EBG-FSS demonstrated better S 11 < −10 at 2.4 GHz. This was because of the in-phase feature of EBG that reinforced the image current and the original current flow in the same direction. Hence, EBG appeared to be a good choice for a wearable lowprofile antenna.
There is an increasing interest in research on wrist wear wireless communications and emerging technology has been deployed in a variety of applications such as smart-watches. The smart-watch wearable/flexible antennas have to be highly directive, low-profile, robust to the loading effect due to a ''human body'' and low specified absorption rate (SAR). EBG structures are particularly suitable to cope with these design goals. In order to enhance the communication quality of smart-watch applications, a low-profile antenna enabled by a miniaturized EBG was proposed to operate at 2.4 GHz [44] . The incorporated EBG with antenna resulted in a directivity of 6.3 dBi, and a bandwidth of 5.8%. Even though the incorporated antenna with EBG was situated in the close proximity to a ''human body'', it still received more than 90% power, and the impedance matching is hardly influenced by the proximity loading of the components. In addition, the SAR value was studied and it was shown that with antenna alone, the SAR level was 13.5 W/kg, which exceeded the safety levels. On the other hand, integrating antenna with EBG reduced the SAR level to below the safety limit, which was 0.29 W/kg. Furthermore, the radiation efficiency was very robust against the loading effect due to wrist tissue. These features make the proposed EBG integrated with antenna a strong candidate for smart-watch applications.
''Radio Frequency Identification'' (RFID) is a non-contact automatic identification technology. It consists of a number of a host computers, tags and a reader for managing information and service systems. RFID technologies have been broadly employed in our life and industry, such as education, medical, inventory, aviation, logistics, trade, transportation, and livestock [58] , [62] . UHF RFID tags for smart clothing are always attached on the lossy medium objects. Nevertheless, tags antennas are susceptible to the impact of metal object or lossy media including a ''human body'' or water, though the RFID technologies have been utilized for many years. In order to solve the interference result by the lossy objects, an EBG was used to isolate the interference from the ''human body'' [58] . The EBG consisted of 3 × 3-unit cells underneath a circularly polarized cross-dipole tag antenna to attain longer read range for ''UHF RFID'' on-body application. The cross-dipole was applied on the phase-dependent EBG structure to accomplish high gain and isolate the impact of the ''human body''. The designed was placed on the body to study its performances. The investigations revealed that the EBG increased the gain by 3.34 dB and assisted in producing CP wave. Furthermore, 3.2% measured impedance bandwidth was obtained which covered the ''UHF RFID'' bands of ''North America and Taiwan''. The measurement revealed that the read range of the tag pasted on a ''human body'' reached 15.7 meters when the reader had 4W EIRP, and the sensitivity of the microchip was −16.7 dBm. The usefulness of using EBG on the body in this study is shown in Table 6 .
In addition, the investigations in [62] showed that with use of EBG, the metallic object/human tissue do not seriously degraded the behavior of the dipole antenna because of inphase reflection characteristic of EBG that could insulate the user's body from undesired exposure to electromagnetic radiation.
The propagation channels on the body are exposed to the effect of fading and shading. On-body channels are subjected to differences because of body movement, geometry of the body, and local scattering. On-body wearable antennas suffer from high propagation loss as well. Therefore, in all of these cases, the antennas attached to the human body were difficult to remain operational. To enable better wave propagation, EBG was utilized to improve transmissions from one antenna to another. In [59] , two diamond dipole antennas were placed on top of waveguide jacket surfaces that consisted of EBG arrays. The dipole antennas had a fixed distance between them and each one was connected either to port 1 or port 2. Based on the result shown in Fig.19 , the use of EBG contributes to improve the transmission between dipole antennas as recognized in S 21 with a reduction of 16.3 dB. It showed that the electromagnetic coupling between the adjacent dipole antennas in the ''body area network'' correlated with wearable application could be improved by placing the antenna to the EBG waveguide, while attaining a better tolerance for matching the impedance of S 11 and S 22 from the connector to each of the individual antennas [53] . The improved coupling was because of the EBG capability to suppress the surface between the two dipole antennas. A number of other researches on EBG for transmission enhancements between antennas have also been documented in [52] , [53] . Transmitting between antennas are a vital factor, particularly in areas of body where multiple devices exist. Unlike freespace radiating antennas; antennas close to human body suffer significant losses and then degrade their performance. By employing EBG in the form of a wearable jacket beneath the antennas, efficient transmission between communication devices on-body environment can be further enhanced. EBG can behave as a reliable path for communication between two or more devices in ''Wireless Body Area Network'' (WBAN).
An investigation of the loading antenna alone and with MTM/EBG on body was carried out in [41] . Two parts of the body were chosen to evaluate the antenna alone and with MTM/EBG. Fig. 20 showed the result where it can be seen that when the antenna was alone, the S 11 was detuned and attenuated due to dielectric properties of the body, whereas when the antenna was employed with MTM/EBG, the S 11 is stable due to the MTM/EBG, which acted as isolation between the antenna and the body. Further investigations were conducted by placing the antenna with and without (w/o) MTM/EBG at several distances away from the body. The results are shown in Fig.21 . It is seen that the S 11 of the antenna alone was affected by the body compared to the antenna with MTM/EBG, which showed stable results. Furthermore, Fig. 21(b) shows that the S 11 had shifted proportionally by the distance s, due to the high ''dielectrics constant'' of the ''human body'' tissues.
VII. CONCLUSION
This paper provides an overview of wearable antenna and their usefulness in several applications including health sector and military. It was found that with the growing success of wearable antenna designs, several flexible /textile substrates were investigated since the behaviors of the antennas depended on the features of the material. Therefore, it was deemed essential to characterize the performance of wearable antenna with several fabrics/flexible materials. The main consideration properties to determine fabric/flexible substrate are its permittivity and its loss tangent. Since the substrate is the crucial part of a wearable antenna, it should be designed by material that produces wide bandwidth and high efficiency. Furthermore, a substrate with low permittivity and thickness can help to reduce surface wave losses and as well improve the bandwidth. Hence, choosing an appropriate fabric/flexible material as substrate with the required radiation features is one of the main challenges in the fabrication of a good quality fabric/flexible antenna. The substrate thickness should be chosen such that the geometry of antenna remains compact and bandwidth of antenna improves. Nevertheless, the thickness may not optimize the efficiency. Hence, it is a tradeoff between bandwidth and efficiency of antenna in relation to its thickness. The performance of wearable antenna is anticipated to be affected by the coupling and absorption of the ''human body'' tissue. Therefore, ''electromagnetic band gap'' (EBG) structure is introduced to provide a high degree of isolation between the ''human body'' and the antenna. The EBG has two main interesting features, which is suppressing of surface wave and inphase reflection rather than out of phase of plane waves. Hence, applying EBG for wearable antennas design helps to improve the directivity, the efficiency, the gain, FBR, the antenna's radiation performance and reduce back radiation as well the ''Specific Absorption Rate'' (SAR). Based on the study on several applications of EBG in wearable applications and from the comparison that in Table 7 between antenna alone antenna with EBG, it can be concluded that by adding EBG structure, antenna becomes a strong potential candidate for wearable application, especially for medical applications. He is a member of the Centre for Intelligent Sensing, Institute of Bioengineering, QMUL. He has authored or coauthored a book, five book chapters, and more than 220 technical articles (3900+ citations and H-index 29) in leading journals and peer-reviewed conferences. His current research interests include small and compact antennas for wireless body area networks, radio propagation characterisation and modelling, antenna interactions with human body, computational electromagnetic, advanced antenna enhancement techniques for mobile and personal wireless communications, and advanced algorithm for smart and intelligent antenna and cognitive radio systems. He is a member of the IET, a Fellow of the Higher Education Academy, U.K., and a College Member of the Engineering and Physical Sciences Research (EPSRC), U.K., and its ICT prioritisation panels. He was a recipient of the Isambard Brunel Kingdom Award, in 2011, for being an outstanding young science and engineering communicator. He was selected to deliver a TEDx talk about the science of electromagnetic and also participated in many public engagement initiatives and festivals. He is also a Reviewer of many funding agencies around the world including the Expert Swiss National Science Foundation Research, EPSRC, and the Medical Research Council, U.K. He was an Elected Member of the International Union of Radio Science (URSI), U.K., panel to represent the U.K. interests of URSI Commission B (from September 1, 2014 to August 31, 2017) . He has managed to secure various research projects funded by research councils, charities, and industrial partners on projects ranging from fundamental electromagnetic to wearable technologies. He is the Leader of wearable creativity research with the QMUL. He has been invited to participate at the Wearable Technology Show, in 2015, Innovate U.K., in 2015, and in the recent wearable challenge organised by Innovate U.K. IC Tomorrow as a Leading Challenge Partner to support SMEs and industrial innovation.
